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The excess in top quark forward-backward asymmetry has been a hot topic in recent years. Al-
though there are many proposals to explain it, most of them can not fit the differential distributions
well. The color octet axial-vector like particle, with mass near the top quark pair threshold, is still a
good description of the differential distributions. We study how to distinguish the color singlet and
octet mediating particles in top quark pair production by adopting the color flow method. For the
first time, we show that such a proposal for the froward-backward asymmetry can be cross-checked
indirectly at the LHC.
PACS numbers: 14.65.Ha, 12.38.Bx
Introduction: Being the heaviest particle in
the Standard Model (SM), the top quark is con-
sidered to play a special role in the electroweak
(EWK) symmetry breaking. Precise understand-
ing of the top quark production processes is essen-
tial for the study of physics beyond the SM since
they are usually the most important background
of these new physics. Due to the short lifetime of
top quark, its spin is fully inherited by its decay
products. Thus, top quark can be used as a tool
to study the spin information of the related pro-
cesses. Similarly, we study in this paper that the
top quark can also be utilized to study the color
properties of the production processes. An efficient
treatment is just to analyze the shape of the b jet
from the top decay, as the top quark color are fully
carried on by its decay product b quark.
Recently, the anomaly of top quark forward-
backward asymmetry (AFB) has been a hot topic.
It was observed by the CDF and D0 Collaborations
at the Tevatron and the CDF latest result still sup-
ports that there is an excess in top AFB [1]. Disap-
pointingly, the top AFB (or sometimes named as
the charge asymmetry) is very difficult to be mea-
sured precisely at the LHC due to the large sym-
metric gluon-gluon fusion component. Two of us
have introduced a so called color octet axial-vector-
like boson to explain this anomaly [2]. Such a new
particle is also called the light axigluon [3]. Recent
studies showed the color octet axial-vector-like bo-
son can have the virtue to give the correct differen-
tial distributions, such as dσ/dMtt¯, dAFB/dMtt¯,
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and dAFB/dY , where σ is the production cross
section, Mtt¯ is the top pair invariant mass, and Y
is the rapidity of the top quark. However, the other
explanations often have difficulties to give such a
good fit [4]. A very important feature of the new
boson is that it carries octet color and then can not
be seen directly due to the color confinement. In-
terestingly, the color flow in quark pair production
does have been studied in Ref. [5]. The mediating
particles carrying different colors (color singlet or
color octet) can be distinguished successfully. In
this paper, we adopt the color flow method in the
top AFB analysis, especially in studying the color
octet axial-vector-like boson explanation.
The Color Octet Axial-Vector-Like Bo-
son: The color octet axial-vector-like boson ZC
is an effective description to explain the top AFB
anomaly. The effective lagrangian can be written
as
L ∝ −igQAQ¯γµγ5TaQZCµa
−igqAq¯γµγ5TaqZCµa ,
(1)
in which Q = t, b and q = u, d, c, s. The squared
invariant amplitude with color and spin summed
is
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where CA = 3 , CF = 4/3, gs is the strong cou-
pling constant, m = mt/
√
sˆ, sˆ is the parton level
2interacting energy, β =
√
1− 4m2, and c = β cos θ.
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In Eq. (2), the first term is the contribution from
SM gluon mediation, the second term is the inter-
ference between qq¯ → g → tt¯ and qq¯ → ZC → tt¯,
and the last term is the self-conjugation of the ZC
mediating process. Some characters can be de-
scribed for the ZC explanation: (1) The additional
asymmetry comes from the interference between
the gluon and ZC processes. This can only change
the angular distribution of the produced tt¯ events
and has no contribution to the total tt¯ cross sec-
tion; (2) The third term of ZC self-conjugation can
contribute to the tt¯ total cross section. However,
this contribution can be suppressed by adopting
proper couplings; (3) The Breit-Wigner propaga-
tor of ZC shows that ZC can only impact on its
near mass peak region. Actually, our original idea
was to introduce a near top pair production thresh-
old particle to replace the usual heavy (> 1 TeV)
axigluon.
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FIG. 1: The differential distributions with best fit ZC
parameters. The experimental data comes from [1, 6].
Fig. 1 shows the best fit results by ZC . The
experimental data of AFB versus Mtt¯ and ∆Y ,
together with the differential distributions of the
cross section dσ/dMtt¯ are constructed in the χ
2
global fit. The free parameters to fit can be taken
as gqA, g
Q
A and MZC , or equally as g
q
Ag
Q
A , ΓZC and
MZC . Table I shows the consistent results in the
two parametrization scenarios.
It can be seen that ZC has tiny couplings to the
light quarks and has very strong couplings to the
heavy quarks. People may argue that gQA is so large
that it may destroy the perturbation of the theory.
Our statement is that the color octet axial-vector-
like particle ZC is just an effective explanation of
the top AFB anomaly. It is not necessary to be
taken as a fundamental particle.
TABLE I: The best fit parameters in two free parame-
ter selection scenarios. The unit of the mass and width
is GeV.
g
q
A g
t
A MZC g
q
Ag
t
A ΓZC MZC
0.034 9.5 340 0.32 400 340
Actually, the forward-backward asymmetry is
just a variate to exhibit the angular distribution
of the final produced top quarks. For large enough
luminosity, we can study the angular distribution
directly and more information can be reserved by
avoiding the half plane angular integration. Re-
cently, by analyzing the 9.4 fb−1 data at the Teva-
tron, the CDF Collaboration gave the polar an-
gular distribution of the top quark in the tt¯ rest
frame in Ref. [7]. Fig. 2 shows our result by taking
the above best fit parameters. The introduction
of an effective color octet axial-vector-like particle
can give a pretty good agreement with the experi-
mental data.
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FIG. 2: The normalized angular distributions of the
top quark in tt¯ rest frame at the Tevatron. The ex-
perimental data and SM QCD NLO +EWK predicted
values are taken from Ref. [7].
The Color Flow Method Analysis: In this
paper, we take the method in Ref. [5] to analyze
the octet color of the ZC . The color flow method
is invented to distinguish the color of the mediate
particle in quark pair production process. If we
draw the transverse momentum PT of the parti-
cles of the quark pair jets in the rapidity-azimuthal
angular y − φ plane, the different color of the me-
diate particle will lead to different shapes of the
jets. For a color singlet mediating particle, such
as γ/Z, the two jet shape seems to attract to each
other, while for a color octet mediating particle,
such as gluon, the two jet shape seems to repel to
each other. Such a difference is caused by the dif-
ferent color charge flow in the Feynman diagrams.
A vivid example can be found as Fig. 2 in Ref. [5].
To distinguish the color flow, a measurable vari-
3ate named as the Pull is defined as [5]
~t =
∑
i∈jet
P iT |ri|
P jetT
~ri, (4)
where ~ri = (δyi, δφi) = ~ci − ~J , in which ~J =
(yJ , φJ ) is the location of the jet and ~ci is the
position of a cell or particle with transverse mo-
mentum P iT . We would like to emphasize that ~t is
a two dimensional vector and it can be written as
~t = (ty , tφ) = (|~t| cos θt|, |~t| sin θt). θt is the polar
angle determined by the two components of ~t.
We adopt the Madgraph [8] to make the Monte-
Carlo (MC) simulation. The top pair can be pro-
duced through the SM processes and the qq¯ →
ZC → tt¯ process. We use Pythia [9] to simulate the
top decay and the sequent hadronization to form
the jets. Some special characters in the simulation
are described as follows
• Bottom jet Pull is calculated to replace the
“top jets”. As top quark decays to bottom
and theW boson. Its color is fully carried by
the bottom quark, and then the selection of
bottom jet Pull can avoid the dilution caused
by W boson from the top quark.
• When calculating the b jet Pull, a core ~J =
(yJ , φJ ) is needed and it is taken as the b
quark from the top decay in the Monte-Carlo
sample events. Such a b quark is actually
invisible in the real data sample.
• For the hadronization of the bottom quark
from the top decay in the MC simu-
lated events, the b quark firstly forms a
string/cluster together with a light quark.
The light quark can be from the hadron beam
in the color octet mediating case or from
the vacuum in the color singlet case. The
string/cluster then decays into a B meson
together with some light quarks which trans-
forms to light hadrons. These light hadrons
can generally be divided into two categories.
The first category belongs to the beam rem-
nant hadrons, which have large rapidity y
and small PT . The second category is the
other light hadrons which are likely to locate
near to the B meson. The summed momen-
tum of the B meson nearby hadrons and the
B meson decay products are approximately
equal to the momentum of the b quark from
the top decay; the summed momentum of the
beam line nearby hadrons is approximately
equal to the initial momentum of the light
quark which forms a string/cluster together
with the b quark.
• In calculating the Pull, we adopt the b quark
from top decay as the core, and all the
string/cluster decay products are calculated
in the summation in Eq. (4). Although
the first category jets actually can not be
recorded in the real experiments, their con-
tributions to the Pull are small enough to
be neglected for their small PT . So the in-
volving of all the decay products from the
string/cluster can still be a good approxima-
tion.
• We find that the Pull diagrams are very sen-
sitive to the selection of the core. For exam-
ple, if we take the B meson to be the core
and sum the B meson decay products in the
Pull, the color singlet or octet cases can not
be distinguished. This shows that the dis-
tortion of the jet shape happens just in time
of the B meson production, rather than in its
decay. Once the colorless B meson is formed,
the color flow is stopped. So its decay is in-
dependent of the previous color information.
• Based on the above analysis, we can infer
that the main contribution to the different
Pull really comes from the light hadrons near
the B meson, which maybe tagged as a part
of the b jet. Experimentally, the b tagging
usually requires seeing a secondary vertex
from the B meson decay. Inevitably, the light
quark jets will fall in the B meson cone, are
irreducible from the B meson decay products,
and form a component of the b jet. Such
quarks and their decay products carry the
color information from the b quark, inherit
from the top quark.
Fig. 3 shows the Pull vector of the b jet and the
histogram of θt for different processes at the Teva-
tron. The upper plots are the two dimensional
points of the Pull, and the lower plots are the his-
tograms of the polar angle θt of the Pull. It can
be seen that the color octet (g and ZC) and sin-
glet (SM gauge boson Z) mediating particles can
be distinguished clearly. For the color octet me-
diating particles, the b jet shape tends to repel to
each other, or in other words, the color flow of the
jets are connected to the remnants in the beam di-
rection. Thus, the component of ~t in the rapidity
y direction ty is larger than the component in the
azimuthal angle φ direction tφ. Consequently, the
polar angle θt of ~t accumulates more in the π or
2π region. For the top quark produced from the
qq¯ initial state, it is more probably be attracted by
the remnant beam where the q comes from. That
is to say, the b quark from the top decay is likely
to form a string/cluster with a quark from the pro-
ton beam. This explains why θt accumulate more
at θt = π than θt = 2π in qq¯ → g/ZC → tt¯ pro-
cess. While for the gg initial state processes, the b
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FIG. 3: The two dimensional diagrams of the Pull ~t for the different color mediate particles (upper diagrams),
and the histograms of the polar angles θt (lower diagrams) at the Tevatron. To make the peaks just locate in
the central region of the diagrams, we take the p¯p collide mode in the simulation. The convolution of the parton
distribution function is included.
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FIG. 4: The distribution of polar angle θt of the Pull
vector ~t at the Tevatron and LHC. ǫ is the overall event
selection efficiency and L is the integrated luminosity.
quark from top decay has equal probability to form
a string/cluster with a quark either from the pro-
ton, or from the antiproton. Thus, the peaks of the
θt at π or 2π for the gg initial state processes are
nearly the same. For the gauge boson Z mediating
process, the peaks of θt locates at π/2 and 3π/2.
This can be explained as follows: because the top
quark is relatively heavy, the longitudinal boost of
the top pair is small and then the top quark and
the anti-top quark are likely to fly back to back.
The b quark pair from the top decay are also nearly
back to back and their rapidities are small. The φ
component of Pull ~t can be significantly larger than
the rapidity component ty. Thus, the polar angle
θt accumulates more at π/2 and 3π/2 region.
Fig. 4 shows the distribution histograms of the
θt at the hadron colliders. For the Tevatron, it is
a summation of the sub-processes as shown in Fig-
ure 3. As we introduce a color octet particle, its
peak also locates at the θt = π region. However,
the peak becomes much wider than the SM case.
By measuring the θt distributions at the hadron
collider, the different shapes are distinguishable.
This is especially useful at the LHC, in which the
top asymmetry is too small to be measured pre-
cisely. Because the LHC is a proton-proton collider
without preferred initial direction, the peaks of θt
at π and 2π have the same altitude. To distinguish
the two histograms in Fig. 4, it is necessary to re-
quire sig = |N1−N2|/(
√
N1+
√
N2) > 1, where N1
and N2 are the event numbers in each bin for the
two histograms. sig gets its largest value at the θt
peak region and the least effective luminosity can
be estimated as ǫL = 0.008/0.00002 fb−1 with the
selection efficiency ǫ being about 0.001/0.00001 for
the Tevatron/LHC [10, 11].
Conclusion: In this paper, we study the color
properties in the top quark pair production pro-
cess. Firstly, we show that a color octet axial-
vector like new particle with different coupling
strengths to heavy and light quarks can provide
an excellent effective explanation of the top AFB
anomaly discovered at the Tevatron. The color
octet property of this new particle makes it very
suitable to be studied by adopting the color-flow
method. By defining the variate Pull vector, the
jet substructure of the b quark from the top decay
can be used to exploit the color of the mediating
particle in the top pair production. The polar an-
gle of the Pull vector can be measured precisely
to distinguish from the SM predictions. This can
be a first indirect cross check of the Tevatron top
AFB excess at the LHC.
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